We studied heart rate (HR), heart rate variability (HRV) and respiratory sinus arrhythmia (RSA) in 4 male subjects before, during, and after 16-days of space flight. The electrocardiogram (ECG) and respiration were recorded during two periods of 3 minutes controlled breathing at 7.5 and 15 breath/min in standing and supine postures on ground and in microgravity (µG). Early in µG, HR was decreased compared to both standing and supine, and had returned to supine value by the end of the flight. In µG, overall variability, sympathovagal balance, and RSA amplitude and phase were similar to preflight supine values. Immediately postflight, HR increased by ~15% and remained elevated 15 days after landing. The sympathovagal balance increased postflight suggesting an increased sympathetic control of HR standing. The overall variability and RSA amplitude in supine decreased postflight, suggesting that vagal tone decreased, which coupled with the decrease in RSA phase-shift suggests that autonomic control of HR was altered by µG, and that the alterations persisted for at least 15 days after return to 1G.
INTRODUCTION

Frequency domain analysis:
The power spectral analysis of RRI was performed according to the recommendations of the "Task Force of the European Society of Cardiology and the North American Society of Pacing and Electrophysiology" (41). The continuous trend as well as very low oscillations in the non-equidistant RRI time series were removed using a high pass digital filtering (cutoff = 0.033 Hz) and detrending procedure by means of the removing of the running average over a 30 second window. Then, a cubic spline interpolation and resampling algorithm was applied to obtain a time series of RRI equidistantly sampled at 2 Hz. Power spectra were computed with the Welch algorithm for an averaging periodogram. The RRI was divided in 5 overlapping segments of 60 s (each beginning 30 seconds later in the record), and each of them was in turn detrended, Hanning windowed and Fast Fourier Transformed. The spectrum estimate is the average of the 5 periodograms. The stationarity of time series was evaluated by computing the variance of the signal removed by the detrending procedures, i.e. difference between the total variance of the non detrended time series and the total variance computed as the total power density. Recordings with large removed variance were classified as non-stationary and removed from the analysis. The coefficient of variation (CVAR) was computed as the standard deviation of the detrended RRI divided by mean RRI and was used to assess overall variability. Low frequency (LF: 0.04 Hz < f < 0.15 Hz) and high frequency (HF: 0.15 Hz < f < 6 0.4 Hz) spectral components were then computed on spectral estimates as the total power in each frequency band. The LF over HF ratio (LF/HF), which was proposed as an index of sympathovagal balance by Pagani et al. (31) was calculated only for the NPB protocol. For the SPB protocol, the breathing frequency was in the LF band and the conditions necessary for the LF/HF analysis were not met.
Time domain analysis:
The polar representation of the RSA is a method for the analysis of the respiratory component of HRV without making assumptions regarding the breathing frequency (27) . It was applied to the same segments of 180 s of stationary RRI for the NPB and SPB protocols after application of the data exclusion criteria (above). This method is fully described elsewhere (27) and
has previously been used to analyze uncontrolled breathing experiments performed during a 6 month space flight. Briefly, the method consists of a time alignment of the RRI with respect to the occurrence of the heart beat in the breath cycle. For the heart beat (k) occurring at . 1a) . If RSA is present it appears as a consistent oscillation in the breath cycle and can be modeled by the following cosine curve:
where R is the mean RRI and ρ c and θ c are respectively the amplitude and phase of the cosine.
The use of a cosine curve at the respiratory frequency in the model corresponds to the analysis of the respiratory peak in the traditional Fourier spectral analysis. The superposition of data from different breaths implies that phases of 0% and 100% of the breath cycle represents the same physiological situation, the functional residual capacity of the subject. We take advantage of this situation to use a polar coordinate representation where the radial coordinate ρ is the RRI and the angular coordinate θ is the phase in breath cycle. In this representation the RSA is modeled by a circle with radius R and center c with coordinates (ρ c ,θ c ), in which a large RSA appears as a large offset of the center of the fitted circle in relation to the origin. Hence ρ c is a measure of the RSA-amplitude and θ c a measure of the RSA-phase in the breath cycle.
Statistical methods: Data were grouped according to protocols, posture and recording sessions : preflight (all 4 baseline data collection), inflight (early = day 5 and 6 , late = day 11 and 15), postflight (early = return day 1 and 2, mid = return day 4 and 5, late = return day 15). To account for inter-subject variability all parameters (except for RSA-phase) were normalized by each subject's own average upright control value. Preflight, when no differences were observed between NPB and SPB, or between postures, the data were grouped. Hence, the 100 % preflight value corresponds to mean standing HR (NPB and SPB grouped), mean CVAR for NPB (standing and supine grouped), mean RSA-amplitude standing (NPB and SPB not grouped), and mean LF/HF NPB standing. All results are presented as average ± SEM. All statistical comparisons were performed with the statistical software SPSS 6.1 (SPSS Inc., Chicago IL). The non-parametric Mann & Whitney -Wilcoxon rank sum test was computed to test the time course of each parameter. When there was no significant time course data were pooled for comparisons with preflight. Paired comparisons between standing and supine values were made with the Wilcoxon matched-pairs signed-rank test. In addition, standing minus supine differences were computed for each test and each subject on every parameter. On return (early + mid) changes from control were studied using the unpaired Mann & Whitney -Wilcoxon rank sum test and standing minus supine differences significantly different from 0 were tested using the signed rank sum test. P ≤ 0.05 was considered as significant and given the small sample size the value of P is indicated. Table 1 presents a summary of mean values ± SEM of each parameters as well as the number of accepted recordings in each protocol, posture condition and all experimental sessions. Exclusion of recordings was based firstly on quality of breathing data which did not allow accurate detection of inspiration and expirations (7 recordings) and secondly on the presence of more than 6 premature ventricular contractions in the 3 min analyzed data (2 postflight recordings on return days 1 and 4).
RESULTS
Thirdly, the analysis of stationarity of the time series showed that 3 NPB recordings, 2 SPB recordings, presented removed variance larger than 60%, and 40% respectively, of their total variance. The 60 % and 40% limits were chosen as a compromise between ensuring stationarity and not rejecting too many recordings.
Heart Rate. As there was no significant difference between NPB and SPB, these were grouped for statistical testing. Hence figure 2 presents the time course of average HR normalized with respect to preflight standing of grouped NPB and SPB. The 100 % normalized value corresponds to an average HR of 73 ± 3 bpm and supine HR was significantly lower (57 ± 3 bpm). Early inflight HR was decreased by about 26 % compared with preflight standing (P<0.001) and slightly decreased (5%) compared with preflight supine (P<0.01). HR late inflight increased by 5% (P<0.001) compared to early inflight and was no longer different to preflight supine. Early postflight, HR increased by 15% compared with preflight standing and 14% compared with supine. A trend to return to preflight values was seen for both postures although HR remained significantly higher during late-postflight for supine data compared to preflight. There were no postflight changes in the difference between standing and supine values.
Overall Variability. Preflight CVAR for SPB was ~150% of the NPB value and there was no significant difference between standing and supine values for either protocol. Hence preflight standing and supine data were grouped for statistical testing. Figure 3 presents the time course of average CVAR normalized with respect to preflight NPB of grouped standing and supine data. Inflight CVAR was significantly decreased (-21 %) for NPB (P < 0.05) and only slightly decreased (-16%) for SPB (NS).
During postflight, mid and late data were not significantly different from each other and were grouped for the clarity of the presentation. Early postflight, supine CVAR for NPB and SPB decreased significantly to 63 % (P<0.01), 102 % (P=0.02) respectively. While not significant, a similar trend was -seen for standing NPB (P=0.09). In addition during early and mid+late postflight there was a standing to supine difference which was different to preflight. This difference is best seen for standing minus supine differences ( fig. 3.B) where an increase of this difference on return (early + mid) compared with preflight is seen for SPB and less significantly for NPB. Preflight SPB RSA-amplitude was also larger supine (~150 %) than standing (P<0.01). For both postures RSA-amplitude was larger for SPB compared with NPB (P<0.001) (significance not shown on Table 1 ). Inflight for both protocols RSA-amplitude was comparable to preflight supine values. No significant difference between early and late inflight data was seen and these data were pooled. Inflight RSA-amplitude was increased compared with preflight standing for NPB (P<0.001) and for SPB (P<0.05). Early postflight supine values were decreased to 183 ± 27 % for NPB compared to preflight 289 ± 19 %, and to 83 ± 17 % for SPB compared to preflight 152 ± 12 % (both P<0.01). A progressive return to preflight value was seen. Postflight for both protocols standing values were similar to preflight. With the decrease of supine value, this leads to a decrease of the standing to supine difference (fig. 5.C) which vanishes for SPB (P=0.02) and decreases less significantly for NPB (P=0.1).
Sympathovagal balance.
Phase of the RSA. During preflight, supine and standing RSA-phase ( fig. 6 .A) for NPB was similar at about -5% of the breath cycle. This means that maximum HR (minimum RRI) slightly precedes the onset of expiration (RSA-phase = 0% means that HR follows the fluctuations of instantaneous lung volume and that RRI is minimum at the end of inspiration and corresponds to an in phase relationship). RSA-phase for SPB standing was about -25%, which means that HR reaches its maximum in the middle of inspiration (this corresponds to a 90° out of phase relationship). In addition maximum HR was reached later in inspiration in the supine posture which was different from standing (P=0.002). For NPB, there were no changes in time course for RSA-phase. There was no difference between early and late inflight data and these data were pooled. SPB phase inflight was similar to preflight supine and significantly different from preflight standing (P<0.05). Postflight there was no difference between periods and these data were pooled for the clarity of the representation. For SPB the RSA supine was more out of phase than during preflight (P<0.05). This means that HR reaches its maximum earlier in the inspiration. For SPB the standing to supine difference which was highly significant on preflight ( fig. 6 .B) did not reached significance on postflight and the comparison between pre-and postflight was also not significant.
DISCUSSION
Heart Rate. Preflight, the increased HR standing compared with supine is likely the result of sympathetic activation which is the normal orthostatic response to prevent blood from pooling in the legs and arterial blood pressure from falling (11) . The fact that average HR is the same in the two different breathing protocols (Table 1) On return to 1G the tachycardia seen during both protocols and in standing as well as supine support the hypothesis of a sympathetic activation. The fact that HR is similarly affected in supine and standing postures and presents the same pattern of progressive return to preflight values shows that the postflight tachycardia is not only the result of a postflight orthostatic stress but also the result of an autonomic adaptation. On return + 15 days (late postflight), that supine HR was still significantly different from preflight shows that after a 16-day spaceflight, 15 days of recovery is not sufficient to return to preflight control conditions. Overall Variability. During supine preflight, longer RRI (lower HR) was associated with a higher total variability (total power) which resulted in the absence of significant differences in CVAR (total power/mean RRI) between standing and supine ( fig. 3.B) . Despite the absence of differences of average HR between the NPB and SPB protocols, the observed differences in CVAR between these protocols is evidence that SPB allows the examination of different aspects of the autonomic control mechanisms, consistent with numerous studies on HRV associated with different breathing protocols (10; 22; 30; 37).
The significant (17%) decrease in NPB CVAR in µG supports the hypothesis of an adaptation of autonomic control of HR. Indeed, without changes of the LF/HF and HF component compared to supine, the decrease in CVAR must be attributed to increased RRI (decreased HR), which is the case on early inflight, or to an insufficient increase (compared to standing) of VLF, LF and HF components, which is likely the case for late inflight measurements in which HR is similar to supine preflight.
The fact that such a decrease is less significant for SPB suggests that this decrease in CVAR is due to a decreased sympathetic modulation of HR. Indeed for NPB this decreased CVAR, without a decrease of RSA-amplitude (Fig 5) , necessarily implies a decreased LF and/or VLF component in HRV. However for SPB, CVAR is unchanged and a decreased sympathetic modulation in the LF would likely be blunted by a larger parasympathetic modulation in the LF due to the large RSA in this frequency range for this protocol. The decreased HR observed early inflight is consistent with this explanation.
The decreased CVAR in the supine posture early postflight for both protocols can be attributed to a decrease in respiratory modulation, likely due to a decreased vagal modulation of HR (see discussion below on RSA) which is in agreement with the increased HR. Similar results have been seen in spaceflight (19) and head-down bed rest simulations (14) . The markedly increased standingsupine differences compared to preflight ( fig. 3 .B) are also in agreement with an increased sympathetic control when standing and decreased vagal modulation when supine. That this difference does not exist preflight and that there is no corresponding difference in the HR change between standing and supine preflight versus postflight suggest that a different mix of autonomic control of HR is present postflight, and thus that the cardiovascular reflexes to postural changes are altered due to spaceflight.
Sympathovagal balance. During NPB HRV shows at least two components, one slow (LF) and one fast (HF). The very low frequency (VLF) component which was apparent in some recordings will not be discussed here as these recordings were not long enough to accurately estimate this VLF component (41). When the breathing frequency is in the HF range (as in the NPB), HF power is due to the RSA and is assumed to be the reflect of the parasympatheticaly mediated oscillations, i.e. vagal modulation of HR (1; 2; 22; 37). LF power is assumed to be due to modulations of the sympathetic as well as parasympathetic nervous activity (1; 33; 37).
When standing, a situation of known sympathetic activation and increased HR, LF is dominant over HF oscillation (11; 33) which leads to a larger LF/HF ratio than in supine posture ( fig.   4 .A). The LF/HF values we observed (Table 1) were similar to those reported by others (29) .
In µG, LF/HF was similar to supine values which were significantly lower than standing. This suggests that in µG HR is predominantly under vagal control. While in µG the absence of posture changes causing changes in LF/HF suggests that HR may predominately stay in one state of autonomic control and that fewer excursions to the sympathetic state will be made. This might be thought to lead to an adaptation process by which, for example, the decreased sympathetic stimulation during spaceflight could lead to an increased sensitivity of the noradrenergic receptors (36) . While no such adaptation was seen in our results on LF/HF, the increase in HR over the course of µG may be suggestive of such a process.
This hypothesis of an increased receptor sensitivity is in agreement with recent results from
Ertl and "the Neurolab autonomic team" (17) obtained by direct measurements of muscle sympathetic activity. Those studies showed that in the same subjects, sympathetic response to orthostatic stress (provoked by lower body suction) was increased on day 12 or 13 during the same space flight.
However, their measurement of an increased muscle sympathetic activity at rest in µG (compared to preflight supine) is in apparent contradiction with our measurements of LF/HF in µG which were similar to supine values; and to a decreased HR in µG compared to supine. Both of these observations are evidence of decreased sympathetic outflow to the heart early in flight with a return to values similar to supine late inflight. Possible explanations of such apparent discrepancies are : 1) The measurements of the peroneal nerve muscle activity through microneurography and plasma noradrenaline spillover and clearance reflect the overall sympathetic activity, while ours concern only the autonomic control of HR. Supportive of this explanation are the measurements of resting HR (12; 17) which were similar to preflight supine and which are not supportive of an increased sympathetic outflow to the heart. 2) Their measurements, performed on the day 12 and 13, reflect the influence of µG as well as the autonomic adaptation which had already occurred by that time.
3) The increased sympathetic outflow may be accompanied by increased vagal modulation of HR which is prevented from producing larger LF oscillations because RRI is already increased in which case there would be no more reserve for additional (LF) oscillations in RRI.
On return to 1G, the large increased LF/HF standing suggests a sympathetic activation (increased LF), which is in agreement with observed postflight increases in plasma catecholamine concentrations (44). The similar although not significant increase in supine LF/HF on early postflight (see Table 1 .) is in agreement with the results of Fritsch-Yelle et al. (19). They reported an increased LF/HF in supine posture for the landing day and 1-2 days after landing which corresponds to our early postflight measurement but they did not have comparable results during standing. These results are in agreement with an increased sympathetic and decreased vagal modulation of HR. As previously mentioned, this increased sympathetic modulation of HR can be attributed to an increased reactivity of the sympathetic nervous system due to its low level of stimulation during exposure to weightlessness and a possible resetting process, in agreement with results from head-down bed rest (4) . In addition, a postflight increase in sympathetic nerve activity was also measured by Levine et al (26) in the same subjects.
Amplitude of RSA. During SPB HRV presents one or two LF components. The RSA amplitude while breathing in the LF range was larger than while breathing in the HF range. This is the well documented frequency dependency of the RSA (30; 37). This frequency dependency can be explained by the model of Hayano et al (22) which presents RSA as the result of phasic (excitatory/inhibitory) modulation of vagal control of HR, yielding maximum vagal excitation during expiration and inhibition during inspiration. As the sinus node presents a low-pass filter property to vagal stimulation with a decay constant of ~1sec, RSA is larger at low breathing frequencies. Hence changes in RSA amplitude with changes in breathing frequency are not due to increased vagal tone per se, but rather due to an increased duration of inspiration and expiration which allows a larger expression of vagal influence on HR.
During preflight, RSA-amplitude is larger for SPB than for NPB (see Table 1 ) and for both protocols supine values are much larger than standing ( fig. 5 ). These observed differences are qualitatively in agreement with published models of RSA (10; 22; 37). In contrast with the SPB versus NPB differences, in the supine posture, vagal control of HR is more pronounced than standing and a larger RSA-amplitude is a marker of larger vagal modulation of HR. This, together with the slower HR, is in agreement with a higher vagal tone supine than standing (11).
In µG, for both protocols RSA-amplitude was similar to that measured supine and was increased compared with standing which again suggest that the cardiovascular control is more in a state of vagal activation, in agreement with the inflight decrease in HR. The study of Cooke et al (9) , performed on a longer space-flight, found a reduction of RSA compared with preflight supine.
However our measurements, with more subjects and repetitions, do not show a significant decrease (see table 1 ). This could be the result of an adaptation that occurred after being exposed to more than 15 days of microgravity in their study or is the result of methodological differences. For NPB no time course in RSA-phase was seen except for a postflight dissociation between standing and supine values (fig 6.B) which can be interpreted in the light of the large dissociation which appears at the same time for LF/HF and CVAR. This dissociation seems to be due to more outof-phase supine values, which is due to a change in the vagal control in the supine posture. In µG, the phase for SPB was similar to supine values which agrees with the assumption that cardiovascular control mechanisms in µG have similarities with supine control. During early and mid postflight the significant differences seen in RSA-phase supine for SPB is a further evidence that the vagal control of HR is more affected by µG than is sympathetic control. In addition, for SPB the standing to supine difference which shows a tendency to decrease ( fig. 6.B) , is in agreement with the vanishing standing to supine difference for RSA-amplitude (Fig 5C) .
The decreased RSA amplitude suggests that vagal efferent modulation is decreased which is in agreement with a decreased vagal tone. The phase shift observed is evidence that the observed changes are not due to mechanical changes, such as plasma volume variations, but more likely due to plasticity of the reflexes originating in the autonomic nervous system and its adaptation to the µG conditions. Indeed, one expects mechanical changes to produce amplitude changes but not phase shifts in the reflex response.
Limitations. This discussion about modifications of HRV and its components induced by µG as observed in this study is based on the hypothesis that respiratory sinus arrhythmia is exclusively mediated by vagal modulation of HR (1; 2). This is strongly supported by the fact that large doses of atropine (a parasympathetic muscarinic blocker) nearly abolishes HR fluctuations in the high (respiratory) frequency band (28; 33) . Whether the cause of these oscillations is to be found in the respiratory induced pressure modulation of aortic and carotid baroreceptors (the peripheral hypothesis) (32) or is the result of a central phenomenon (40), is not answered by these data. In both cases the RSA is generated in, or mediated by, the central nervous system. In addition we assumed that the LF/HF ratio, under the condition that breathing frequency is higher than 0.15 Hz (10), can be considered as a marker of the sympathovagal balance (31) .
Conclusions. In this study of heart rate, spectral analysis of heart rate variability and respiratory sinus arrhythmia in 4 male subjects before during and after the 16 days of microgravity HR was decreased in µG and there was a significant trend for HR to increase during the flight, which is consistent with an autonomic adaptation to weightlessness. Overall variability was decreased inflight with no further adaptation. During µG the spectral analysis showed that the sympatho-vagal balance, RSA amplitude and phase were similar to supine values, which is evidence that the control of HR is more in a state of vagal activation and decreased sympathetic control. Postflight the amplitude and phase changes are all compatible with a reduced vagal activity after space flight and suggests a decreased vagal tone. This is in agreement with the observed large increase of the sympatho-vagal balance during standing and with observed increased HR for standing as well as supine postures. In addition the postflight changes in RSA phase seen for the protocol with the largest vagal influence (supine slow paced breathing) speaks for an autonomic origin for the cardiovascular adaptation to µG.
The persistent increase in HR for all measurements, absent differences in the RSA amplitude between standing and supine under the slow breathing protocol, and the persistent differences in the variation coefficient between standing and supine postures suggests that after 15 days of re-exposure to 1G the subjects are still not back to their preflight baseline condition.
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